In the present study, we tested the effect of cold water stress (CWS) on dopaminergic neurons in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson's disease (PD) mouse model, and found that CWS pretreatment elicited less MPTP neurotoxicity. To understand the molecular mechanism underlying this phenomenon, we detected the expression of heat shock protein 70 (Hsp70) in the striatum of the experimental mice, and found that CWS pretreatment could significantly increase striatal Hsp70 in MPTP-treated mice. Furthermore, in parallel with the induction of Hsp70, the MPTP-induced increase of striatal a-synuclein was inhibited in the CWS 1 MPTP-treated mice. CWS pretreatment also significantly inhibited the reduction of anti-apoptotic molecule Bcl-2 expression in the striatum and enhanced Bcl-2 transcription in the substantia nigra of MPTP-treated mice. Taken together, these data indicated that Hsp70 might be an important intermediate for the neuroprotective effect of CWS against MPTP-induced dopaminergic toxicity.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by the loss of dopaminergic neurons in the substantia nigra (SN) and the presence of Lewy bodies in residual neurons. The precise molecular mechanisms underlying PD pathogenesis remain unclear. Mitochondrial dysfunction, a-synuclein toxicity, oxidative stress, and ubiquitin-proteasome system insufficiency have been proved to contribute to PD [1] [2] [3] . The discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in intravenous illicit drug users and its specific damage to the nigrostriatal dopaminergic pathway have made MPTP widely used in producing experimental PD models [4] . In the MPTP-induced PD model, oxidative stress is an early event that can kill some of the dopaminergic neurons directly, but it seems that the intracellular cell death-related molecular pathways activated by the oxidative stress play greater roles in the death of dopaminergic neurons, such as c-Jun N-terminal kinases and cellular apoptotic pathway [3] . The toxicity of MPTP depends on not only the regimen of MPTP administration [5] , but also the microenvironment of the dopaminergic neurons. Cellular stress response has presented great potential in inhibiting experimental PD progress. Recent study has shown that mild thermal stress could partially protect striatal field potential against rotenone-induced neurotoxicity through up-regulation of heat shock protein (Hsp70) [6] . Growing evidence has also revealed that the continuous presence of a small stimulus could induce defense mechanisms, including heat shock proteins (HSPs), and protect brain cells from deleterious insults [7] .
Hsps belong to the family of chaperone proteins that facilitate refolding misfolded proteins and directing proteins toward proteasomal degradation. Hsp70 is an inducible Hsp in cells after exposure to stress. A wide variety of stressors could induce the expression of Hsp70, such as hyperthermia, hypoxia, exercise, viral infection, reactive oxygen species, and ischemia [8] . It has been reported that overexpression of Hsp70 or induction of Hsp70 by pharmacological methods can prevent a-synuclein aggregation and toxicity both in vitro and in vivo [9, 10] . On the other hand, the suppression of Hsp70 in a Drosophila PD model increases the toxicity of a-synuclein [11] . Furthermore,
stress-induced Hsp70 also inhibits neuronal apoptosis through increasing the expression of anti-apoptotic molecule bcl-2, and decreasing the release of cytochrome c [12] . All these findings indicated that Hsp70 may play an important role in protecting dopaminergic neurons against the MPTP neurotoxicity.
In the present study, we studied the effects of cold water stress (CWS) on MPTP-treated mouse brain to explore whether CWS could play a neuroprotective role. Furthermore, we also detected the mechanisms that might involve in the neuroprotective function of CWS.
Materials and Methods
Animals and treatments Male C57BL/6 mice (11213 weeks old, Shanghai Slac Laboratory Animal Company, China) weighing 25.0 + 5.0 g were housed at 248C under 12 h light/dark cycle with free access to food and water. All animal experiments were performed under the guidelines for animal experiments in Fudan University. These mice were randomly divided into four groups: saline, CWS, MPTP, and CWS þ MPTP. CWS was performed once a day between 12:00 and 13:00 for 5 consecutive days. Mice were put in a ceramic container, which was 16 cm in diameter and 4 cm in depth, and filled with ice-chilled water for 5 min, and then they were gently wiped dry and returned to the cages. Mice of CWS and CWS þ MPTP group were injected intraperitoneally with saline or MPTP at 15 min after CWS, respectively. Mice of saline or MPTP group were also injected intraperitoneally with saline or MPTP without treatment of CWS. The dosage of MPTP was 30 mg/kg/day for 5 consecutive days. The rectal temperatures were determined using a temperature monitor (69000 style, RWD Life Science Co. Ltd, China). Rectal temperatures were recorded before and 15 min after CWS, 15 and 60 min after saline or MPTP injection in CWS and CWS þ MPTP groups. In saline and MPTP groups, rectal temperatures were measured before treatment, as well as 15 and 60 min after saline or MPTP injection. Then the rectal temperatures of mice in the MPTP, CWS, and CWS þ MPTP groups were compared with that in the saline group at each time point, respectively.
Preparation of mouse brain tissue samples
Mice were sacrificed 24 h after last MPTP administration. They were anesthetized with 10% chloral hydrate to minimize suffering. After being perfused intracardially with 0.9% saline solution, brains were carefully removed. The right cerebral hemispheres of mice were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer ( pH 7.2) for section preparation, the striatum and SN of the left cerebral hemispheres were isolated on the ice for protein preparation and total RNA extraction, respectively.
Western blot analysis
The method for protein extraction and western blot analysis has been described elsewhere [13] . The primary antibodies used here were as followed: mouse anti-tyrosine hydroxylase (TH) antibody (1:4000; Sigma, St. Louis, USA); mouse anti-b-actin (C4) antibody (1:1000; Santa Cruz, Santa Cruz, USA); mouse monoclonal anti-Hsp70 antibody (1:400; Santa Cruz); rabbit anti-a-synuclein antibody (1:2000; Sigma); mouse anti-phosphorylated a-synuclein (1:400; Epitomics, Burlingame, USA); rabbit anti-bcl-2 antibody (1:1000; Beyotime, Haimen, China); rabbit anti-bax antibody (1:1000; Cell Signaling Technology, Beverly, USA). Signals were detected with a chemiluminescence detection system (Santa Cruz). The protein levels were quantified by densitometry analysis using Quantity One 4.5.2 software (Bio-Rad, Hercules, USA).
Immunohistochemistry
The right cerebral hemisphere was post-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer ( pH 7.2). Frozen sections were then prepared at 30 mm thick on the freezing microtome (Leica, Germany). Sections were selected every 120 mm per mouse (n ¼ 9-13 per group). Immunohistochemistry was carried out according to the previously published methods [13] . As controls, adjacent sections were treated with the same procedure except for incubation with the primary antibody. Four sections (30 mm) were captured under light microscope per mouse. For measurement of the density of TH positive cells in the SN pars compacta (SNpc), we performed total cell counting and stereological counting based on the previous description [14] . Cell counting was performed under light microscope in a double-blind fashion.
Real-time PCR Total RNA was extracted from SN of the left hemispheres using Trizol reagent (Invitrogen, Carlsbad, USA). Reverse transcription was carried out using random primer and Moloney murine leukemia virus reverse transcriptase (Promega, Madison, USA). Real-time PCR was performed for quantification of Bcl-2, a-Synuclein, Hsp90, Hsp27, Hsp105, and Timm22 mRNA on ABI 7300 PCR machine (Applied Biosystems, Foster City, USA). For plotting a standard curve, serial diluted cDNA fragments were used in each experiment. The expression of target genes or GAPDH was quantified to the standard curve, and the relative expression value was calculated as the ratio of target cDNA to GAPDH. The primers used in the real-time PCR were as follows: Statistical analysis Data were analyzed using SPSS software (version 11.5; SPSS, Chicago, USA). All values were expressed as means + SE. Statistical analysis of group differences was assessed by ANOVA followed by multiple comparisons with the LSD post-hoc test. P , 0.05 was considered as the significant difference.
Results
MPTP significantly defers the recovery of mouse rectal temperature after CWS CWS could rapidly decrease the mouse rectal temperature to 258C in 5 min. For mice treated with saline, the rectal temperature recovered rapidly and returned to the normal level in 1 h. However, for mice treated with MPTP after CWS, the rectal temperature recovery speed was significantly inhibited, especially during the first 15 min after MPTP injection (Fig. 1) .
CWS attenuates MPTP-induced depletion of tyrosine hydroxylase protein and TH positive neurons in the nigrostriatal system of mice MPTP induced significant depletion of striatal TH protein 24 h after the last injection. However, the pretreatment of CWS significantly inhibited the reduction of striatal TH caused by MPTP neurotoxicity [ Fig. 2(A,B) ]. Meanwhile, MPTP administration also reduced the number of TH-positive neurons in the SNpc of mice, while CWS pretreatment could inhibit the loss of TH-positive neurons in the SNpc of mice in the CWS þ MPTP group [ Fig. 2(C,D) ].
Hsp70 expression is increased in the striatum of CWS 1 MPTP-treated mice As one of the most important molecule chaperons induced by cellular stress response, Hsp70 has been shown to protect against a-synuclein toxicity and inhibit the loss of dopaminergic neurons. Here, we investigated the effect of CWS on the striatal Hsp70 expression in MPTP-treated mice. CWS or MPTP treatment alone could not increase the expression of striatal Hsp70. However, a combination treatment of CWS and MPTP remarkably increased the expression of Hsp70 in the mouse striatum compared with the other three groups [ Fig. 3(A,B) ].
CWS inhibits the MPTP-induced increase of a-synuclein protein level in the mouse striatum Since Hsp70 has been shown to protect against a-synuclein toxicity, we examined the level of a-synuclein protein in the mouse striatum. MPTP injection significantly increased the expression of a-synuclein, while CWS pretreatment restored the amount of a-synuclein to normal level in the mice striatum exposed to MPTP [ Fig. 4(A,B)] . Further, the level of phosphorylated a-synuclein in the mouse striatum was evaluated. CWS treatment, MPTP treatment, or the combination did not alter the expression of phosphorylated a-synuclein significantly [ Fig. 4(C,D) ].
CWS pretreatment inhibits the reduction of striatal Bcl-2 expression and enhanced Bcl-2 transcription in the SN of CWS 1 MPTP-treated mice One of the protective functions of Hsp70 is inhibiting neuronal apoptosis. We found that the pretreatment of CWS significantly inhibited the reduction of Bcl-2 expression in the striatum after MPTP treatment and upregulated Bcl-2 transcription in the SN of CWS þ MPTP-treated mice [Figs. 5(A,B) and 6(A)]. However, the expression of pro-apoptotic molecule bax showed no significant difference among the four groups [ Fig. 5(C) ]. Cold water stress and MPTP neurotoxicity CWS pretreatment or MPTP treatment does not affect the transcriptions of Hsp90, Hsp105, Hsp27, and a-Synuclein in the SN We also detected the transcriptional levels of other members in the Hsp family, including Hsp90, Hsp105, and Hsp27, as well as a-Synuclein in the SN. The mRNA levels of Hsp90, Hsp105, Hsp27, and a-Synuclein did not show significant alterations within the experimental groups [ Fig. 6(B -E) ]. Timm22, a non-affected gene, also showed no changes [ Fig. 6(F) ].
Discussion
Our study showed that short-time CWS pretreatment before MPTP administration inhibited the depletion of TH protein and TH-positive neurons in MPTP-induced PD mouse model. To the best of our knowledge, this study is the first time to show the potential of CWS to alleviate the MPTP toxicity to dopaminergic neurons. The previous study has shown that lowering ambient temperature actually elevated striatal 1-methyl-4-phenylpyridinium (MPP þ ) levels and enhanced toxicity to dopamine neurons in PD mice under subacute MPTP regimen [15] , which seems contradictory to our conclusion. But it is noticeable that they lowered mouse body temperature by placing the mice in a 48C room, and mildly decreased mouse rectal temperature to 358C in 2 h. The CWS used in our study was an acute and much stronger stress for mice compared with mere cold environment and reduced the mouse rectal temperature to 208C in 5 min. Thus, we suppose a neuroprotective system against MPTP toxicity was probably activated by CWS treatment and MPTP injection. Recently, it has been reported that physiological stressors, such as mild hyperthermia or exercise, could Cold water stress and MPTP neurotoxicity inhibit the loss of neurons induced by MPTP or cerebral ischemia through upregulation of Hsp70 [16, 17] , so we detect the Hsp70 expression in CWS-and MPTP-treated mouse striatum in this study.
Hsp70 is mainly induced when the cells are exposed to environmental and physiological stressors. As a major molecular chaperone, Hsp70 may prevent protein aggregation and mediate the proper refolding of proteins in cells under a variety of conditions [18] . We found that CWS or MPTP treatment alone could not induce Hsp70 expression in the striatum, which was in accordance with previous studies [19, 20] . However, when the CWS and MPTP Cold water stress and MPTP neurotoxicity treatment were combined, we observed a significant elevation of striatal Hsp70 protein level. This finding indicated that the elevation of Hsp70 might be one of the mechanisms underlying the neuroprotective function of CWS against MPTP toxicity. However, the reason why Hsp70 was elevated in CWS þ MPTP group but not in CWS or MPTP group was still unclear. One possible explanation is that there is a stress-strength threshold in activating Hsp70 expression. Neither CWS nor MPTP treatment alone was strong enough to induce Hsp70 upregulation. But when the two stresses combined together, CWS pretreatment could pre-excite the cellular stress response system, and MPTP administration as the second stress, thus activated Hsp70 expression. Previous studies have reported that the upregulation of Hsp70 protein depends on the strength, duration, type, and interval of environmental stresses [20, 21] , which also support the existence of such a strength threshold for Hsp70 induction.
a-Synuclein is known to be one of the main substrates of Hsp70 and an important molecule involving in PD process. Homeostasis of a-synuclein is important for normal neural physiological functions, and overexpression of a-synuclein in the mouse SN leads to a 25% reduction in dopaminergic neurons [22] . Upregulation of Hsp70 could not only facilitate stabilizing the native conformation of a-synuclein, but also promote a-synuclein degradation via chaperone-mediated autophagy and/or the proteasome [23] . In the present study, we found that MPTP intoxication alone significantly enhanced the expression of a-synuclein, which was in accordance with previous studies [24] . However, CWS pretreatment followed by MPTP administration restored the amount of a-synuclein protein to its normal level in the mouse striatum. Since excessive a-synuclein protein is prone to aggregate and form filamentous fibrils in PD, Hsp70 induced by the combination of CWS and MPTP possibly maintains the striatal a-synuclein by accelerating its degradation, thus protecting neurons in the nigrostriatal system [25] .
In addition, the toxicity of a-synuclein is also enhanced by phosphorylation at serine 129 of this protein [26] . CWS could rapidly decrease the phosphorylation of a-synuclein in the mouse striatum, and recover thereafter [27] . Though we did not find significant depletion of a-synuclein phosphorylation at our experimental time point, a transitory dephosphorylation of a-synuclein induced by CWS might still contribute to the protective function of CWS in our model.
The current study also showed an inhibition of the decrease of Bcl-2 protein in the mouse striatum and an upregulation of Bcl-2 transcription within the mouse SN of CWS þ MPTP group, which could partially contribute to the neuroprotective function of CWS against MPTP toxicity. It has been reported that overexpressing Hsp70 causes less apoptotic cell death and increases the expression of the anti-apoptotic molecule, Bcl-2 [12] , so the elevation of Bcl-2 transcription in the present study might also correlate with the induction of Hsp70 by CWS and MPTP treatment. Values are shown as means + E. n ¼ 7 -13 per group.
Cold water stress and MPTP neurotoxicity Overall, CWS reduces dopaminergic neurotoxicity induced by MPTP. The elevation of Hsp70 protein might partially explain CWS neuroprotective function, and be associated with the alteration of a-synuclein and Bcl-2 expression in the CWS-and MPTP-treated mice. This study is the first to show the potential of CWS to alleviate the injury to dopaminergic neurons and defer PD process.
